Airborne particulate matter selectively activates endoplasmic reticulum stress response in the lung and liver tissues.
complex mixture of chemical and/or biological elements, such as metals, salts, carbonaceous material, volatile organic compounds, polycyclic aromatic hydrocarbons, and endotoxins (2, 42) . Airborne PM demonstrates an incremental capacity to penetrate into the distal airway units and potentially enter the systemic circulation with diminishing sizes (6, 33) . PM 2.5 , primarily derived from stationary and traffic-related combustion sources, has been linked strongly with cardiovascular disease and metabolic disease (6, 10, 12, 35, 47) . Recent studies have addressed the impacts of airborne PM 2.5 on the functioning of signaling pathways with significant roles in redox homeostasis and inflammation (14, 48, 49, 54) . However, the understanding of molecular and cellular mechanisms underlying PM 2.5 -associated systemic diseases remains incomplete. Our study here provides novel biological insights into the molecular basis of PM 2.5 -induced intracellular events, highlighting the activation of a pathophysiological endoplasmic reticulum (ER) stress response upon PM 2.5 exposure.
The ER stress response, also called unfolded protein response (UPR), is an intracellular stress signaling from the ER to protect cells from stress caused by the accumulation of unfolded or misfolded proteins (37, 56) . In mammalian cells, the ER is the site of folding of membrane and secreted proteins, synthesis of lipids and sterols, and storage of free calcium (56) . As a unique protein-folding compartment and dynamic calcium store, the ER is exquisitely sensitive to changes of intracellular homeostasis. Physiological states that increase protein-folding demand, or stimuli that disrupt protein folding reactions, create an imbalance between the protein-folding load and capacity of the ER. This can cause the accumulation of unfolded or misfolded proteins in the ER lumen (the condition referred to "ER stress"). To ensure the fidelity of protein folding and to handle the accumulation of unfolded or misfolded proteins, the ER has evolved a group of signal transduction pathways: the UPR to alter transcriptional and translational programs. The basic UPR pathways in mammalian cells consist of three main signaling cascades initiated by three primary ER stress sensors: IRE1␣ (inositol-requiring 1␣), PERK (double-strand RNAactivated protein kinase-like ER kinase), and ATF6 (activating transcription factor 6) (38) . Under ER stress, PERK kinase phosphorylates translation initiation factor 2␣ (eIF2␣) to shut down protein synthesis, whereas IRE1␣ functions as an RNase to splice the mRNA encoding X-box binding protein 1 (XBP1), leading to transcriptional reprogramming of the stressed cells. Under ER stress, ATF6 is also activated to induce gene expression to help the ER recover from the stress. The combined effect of the UPR pathways is to remodel the cells to adapt to the stress. However, if the ER stress cannot be resolved, the UPR will induce apoptosis to eliminate the stressed cells. In addition to those that are strictly involved in protein-folding process, the UPR can also be triggered by pathogenic infection, chemical insult, inflammatory stimuli, and even differentiation of specialized cell types (56) . Recently, accumulating evidence suggested that the UPR signaling is critical for health and disease. Under physiological or pathophysiological conditions, the UPR can modulate cell metabolism, inflammation, and programmed cell death, leading to the pathogenesis of a variety of diseases, such as cardiovascular disease, diabetes, neurodegenerative disease, and cancer (56) .
In this study, we used "real-world" PM 2.5 exposure system, the mobile "Ohio's Air Pollution Exposure System for the Interrogation of Systemic Effects (OASIS-1)" (46, 55) , to perform subchronic whole body exposure of the mice to environmentally relevant PM 2.5 or filtered air (FA). To elucidate the molecular basis of ambient PM 2.5 -associated cytotoxicity, we investigated the intracellular stress-signaling pathways in the animal model or cultured cells that were exposed to PM 2.5 . We demonstrated that PM 2.5 exposure differentially activates the UPR branches that lead to ER stress-induced apoptosis in the mice exposed to PM 2.5 . Further studies revealed that PM 2.5 -induced stress response relies on the production of reactive oxygen species (ROS). The findings on PM 2.5 -induced ER stress signaling pathways will not only contribute to our better understanding of molecular and cellular mechanisms by which PM 2.5 elicits its cytotoxic effects but also will be informative to the prevention and treatment of air pollutioninduced systemic diseases.
EXPERIMENTAL PROCEDURES
Materials. Chemicals were purchased from Sigma unless indicated otherwise. Synthetic oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA). Antibodies against phosphorylated or total eIF2␣, phosphorylated PERK, phosphorylated and total c-Jun NH 2-terminal kinase (JNK), and total IRE1␣ proteins were purchased from Cell Signaling Technologies (Danvers, MA). Antibodies against total PERK, ATF4, C/EBP homologous protein (CHOP), ATF3, GADD34, and HA were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA). Antibodies against GRP78/binding immunoglobulin protein (BiP) and GRP94 were from Stressgen (Ann Arbor, MI). The antibody against caspase-3 antibody was purchased from Invitrogen. The antibody against phosphorylated doublestranded RNA-dependent protein kinase (PKR) was from Signalway Antibody (Pearland, TX). Antibody against ␣-tubulin was from Sigma. Plasmid PERK K618A pcDNA was from Addgene (ID2185) (16) . Plasmids PERK pcDNA and pCGN-ATF6 were kindly provided by Dr. David Ron and Dr. Ron Prywes, respectively (16, 52) . The PM 2.5 particles for the in vitro experiments were extracted from the filters that were collected from the exposure system during the time period when the mice were exposed, as previously described (48, 49, 55) . The stock PM 2.5 solution (5 mg/ml in PBS) was stored in Ϫ80°C.
Animal model. Six-week-old C57BL/6 male mice were purchased from the Jackson Laboratories (Bar Harbor, ME) and were equilibrated for 2 wk before experimental enrollment. CHOP knockout mice (59) (55) . The concentrated PM 2.5 was generated using a versatile aerosol concentration enrichment system (VACES) developed by Sioutas et al. (41) and modified by Chen and Nadziejko (11) . The mice were exposed to concentrated PM 2.5 at nominal 10ϫ ambient concentrations for 6 h per day, 5 days per week for a total of 10 wk, as detailed previously (46, 49) . The control (FA) mice in the experiment were exposed to an identical protocol with the exception of a highefficiency particulate-air filter positioned in the inlet valve position to remove all of the PM 2.5 in the filtered air stream. On the final day of the exposure, the mice were euthanized and tissue samples were collected for further studies.
Analysis of PM 2.5 concentration and composition. The concentrations of PM 2.5 in ambient air and in the chambers were monitored in filters that retained PM2.5 using an oscillating microbalance (model 1400, Tapered-Element Oscillating Microbalance, Rupprecht and Patashnick, East Greenbush, NY), as described previously (55) . Briefly, PM2.5 were collected from the exposure chambers and weighed in a temperature-and humidity-controlled weighing room using an oscillating microbalance (model 1400, Tapered-Element Oscillating Microbalance). The weight was used to calculate exposure concentrations. The analysis of PM2.5 composition was performed by RTI following compendium Environmental Protection Agency method IO-3.3 using X-ray fluorescence spectroscopy [www.epa.gov/ ttnamti1/files/ambient/inorganic] (55).
Cell culture, in vitro exposure to PM2.5, and adenoviral transduction of cells. Murine monocytic-macrophage cell line RAW264.7 (American Type Culture Collection) were cultured in FG12 media supplemented with L-glutamine and 10% fetal bovine serum in a 5% CO2 atmosphere at 37°C. For PM2.5 in vitro exposure experiments, the Teflon filters used for gravimetric and elemental analyses were placed downstream of the cyclone inlet of the "OASIS-1" exposure system to collect ambient particulates as previously described (28, 48, 49) . PM2.5 was collected at the time when the mice were exposed. The stock PM2.5 solution (5 mg/ml in PBS) was stored in Ϫ80°C. The frozen PM2.5 aliquots were thawed and briefly sonicated before being added into the cell culture media for the in vitro experiments. Cells were treated with PM2.5 at the concentrations ranging from 50 to 400 g/ml, and the same amount of PBS was added in the control group. For the adenoviral transduction experiments, preparation of replication-incompetent adenovirus expressing manganese superoxide dismutase (Mn-SOD) or dominant-negative N17Rac1 was as previously described (9, 25, 39) . RAW264.7 cells cultured in six-well plates were infected with adenovirus expressing Mn-SOD, N17Rac1, or control ␤-galactosidase at a multiplicity of infection of 150 when the cells were about 60% confluent. The in vitro PM2.5 exposure with the transduced cells was performed at 36 h after the infection.
Animal exposure to ambient PM2.5 by intranasal inhalation. Ambient PM2.5 in 25 l PBS (1.6 g/g body wt) or 25 l sterile PBS (control) were intranasally delivered to 3-mo-old male mice over a 5-min period twice for 5 days (3, 47) . PM2.5 particles were collected from the filters installed in the "OASIS-1" system during the "real-world" PM2.5 exposure period. For the intranasal delivery, the mice were anesthetized by intraperitoneal injection of pentobarbital sodium (50 mg/kg body wt). On the fifth day after the first administration of PM2.5, the mice were euthanized and tissue samples were collected for further studies.
Transmission electron microscopy. The lung and liver tissues from PM2.5-exposed or FA-exposed mice were fixed with 2% formalde-hyde and 2.5% glutaraldehyde in 100 mM sodium cacodylate buffer. The fixed lung and liver tissue for electron microscopy were prepared, imaged, and scanned as described previously (36, 40) .
Immunohistochemistry staining and DNA fragmentation analysis for apoptosis. Paraffin-embedded tissue sections (4 m) were blocked with 0.5% H 2O2 in methanol to reduce endogenous peroxidase activity. The sections were incubated with anti-BiP/GRP78 antibody (1: 100) overnight at 4°C. Sections were developed in Zytomed peroxidase substrate (Zytomed, Berlin, Germany) and counterstained with hematoxylin. To visualize the apoptotic events in the lung and liver tissue sections of mice exposed to PM 2.5 or FA, we used a fluorescent ApoAlert DNA fragmentation assay kit (Clontech) to stain DNA fragmentation with the paraffin-embedded tissue section slides according to the manufacture's instruction (57) . The apoptotic cells exhibited green fluorescence using a standard fluorescein filter set (520 Ϯ 20 nm). All cells were stained with propidium iodide (PI) and displayed strong red cytoplasmic fluorescence.
Western blot analyses. To determine expression levels of GRP78/ BiP, GRP94, CHOP, PERK, inositol-requiring 1-␣ (IRE1␣), ␣-tubulin, and phosphorylated and total eIF2␣ proteins, total cell lysates were prepared from either lung or liver tissue or cultured macrophages using Nonidet-40 (NP-40) lysis buffer (1% NP-40, 50 mM Tris·HCl, pH 7.5, 150 mM NaCl, 0.05% SDS, 0.5 mM Na vanadate, 100 mM NaF, 50 mM ␤-glycerophosphate, and 1 mM phenylmethylsulfonyl fluoride) supplemented with protease inhibitors (EDTA-free Complete Mini, Roche). Denatured proteins were separated by SDS-PAGE on 10% Tris-glycine polyacrylamide gels and transferred to a 0.45-mm polyvinyl difluoride (PVDF) membrane (GE Healthcare). Membrane-bound antibodies were detected by an enhanced chemiluminescence detection reagent (GE Healthcare). Because PERK and IRE1␣ are very low-abundance proteins in most cell types, we detected phosphorylated and unphosphorylated PERK or IRE1␣ by IP-Western blot analysis using an anti-PERK or IRE1␣ antibody (15, 57) . The total protein lysates from the liver tissue (250 mg tissue/ml lysate buffer) were immunoprecipitated with the anti-PERK or IRE1␣ antibody, followed by the Western blot analysis with the same antibody.
Semiquantitative reverse transcription (RT)-PCR analysis of Xbp1 mRNA splicing and quantitative real-time RT-PCR analysis.
The RT-PCR analysis of Xbp1 mRNA splicing and quantitative real-time RT-PCR analysis were as previously described (57) . Briefly, total cellular RNA was prepared using TRIzol reagent as instructed by the manufacturer (Invitrogen). Total RNA was reverse transcribed to cDNA using a random primer (Applied Biosystems). For semiquantitative RT-PCR analysis of Xbp1 mRNA splicing, 25 ng cDNA was used for each reaction. The forward primer for PCR amplification of spliced and total mouse Xbp1 mRNA is 5-ACACGCTTGGGAATG-GACAC-3, and the reverse primer is 5-CCATGGGAAGATGTTCT-GGG-3. PCR products were separated by electrophoresis on a 2.5% agarose gel and visualized by ethidium bromide staining. The size of amplified unspliced Xbp1 mRNA is 170 bp, and the size of amplified spliced Xbp1 mRNA is 144 bp. For real-time PCR analysis, the reaction mixture containing cDNA template, primers, and SYBR Green PCR Master Mix (Invitrogen) was run in a Stratagene MX3000P Real-Time PCR System (Stratagene). The sequences of primers for examining the regulated IRE1-dependent decay (RIDD) were previously as described (18) The other real-time PCR primer sequence information is shown in Table 1 . Fold changes of mRNA levels were determined after normalization to internal control ␤-actin RNA levels.
Dihydroethidium fluorescence of liver tissue. Dihydroethidium (DHE), an oxidative fluorescent dye, was used to detect superoxide in segments of frozen liver tissue as described previously (31) . Briefly, fresh unfixed segments of liver tissue were frozen in OCT compound, and transverse sections (10 m) were generated with a cryostat and placed on glass slides. Sections were then incubated in a lightprotected chamber at room temperature for 30 min with 10 mol/l DHE (Molecular Probes). Images were obtained with the use of a Zeiss laser scanning confocal microscope equipped with a kryptonargon laser. The excitation wavelength was 488 nm, and emission fluorescence was detected with the use of a 585-nm long-pass filter.
Statistics. Experimental results are shown as means Ϯ SE (for variation between animals or experiments). The mean values for biochemical data from the experimental groups (PM 2.5 exposure verse filtered air) were compared by a paired or unpaired, two-tailed Student's t-test. Statistical tests with P Ͻ 0.05 were considered significant.
RESULTS

PM 2.5 exposure induces both oxidative stress and ER stress in mouse lung and liver tissues.
To elucidate in vivo effect of subchronic PM 2.5 exposure, male C57BL/6J mice were exposed to concentrated ambient PM 2.5 for 10 wk in the mobile trailer "OASIS-1" exposure system composed of the midwestern regional background in Columbus, OH, where most of the PM 2.5 is attributed to long-range transport (46, 55) . During the exposure time period, the mean daily ambient PM 2.5 concentration at the study site was 6.5 Ϯ 4.8 g/m 3 , whereas the mean concentration inside the PM 2.5 exposure chamber was 74.6 g/m 3 . Because the mice were exposed 6 h a day, 5 days a week, the equivalent PM 2.5 concentration to which the mice were exposed in the chamber "normalized" over the 10-wk Table 1 .
Sequences of real-time PCR primers
Gene Forward Reverse
HO-1, heme oxygenase-1; Xbp1, X box binding protein 1; GPX1, glutathionine peroxidase-1; SOD1, -SOD2, superoxide dismutase-1 and -2, respectively; Pdi-P5, protein disulfide isomerase-P5; ATF4, activating transcription factor 4; BiP, binding immunoglobulin protein; GRP94, glucose-regulated protein 94; P58, protein kinase inhibitor of 58 kDa Edem1, enhancing ␣-mannosidase-like protein 1.
period was 11.6 g/m 3 after taking into account nonexposed time and weekends [the annual average PM 2.5 National Ambient Air Quality Standard (NAAQS) of 15.0 g/m 3 (13) ]. The control mice in the experiment were exposed to an identical protocol with the exception of a high-efficiency particulate-air filter positioned in the inlet valve position to remove all of the PM 2.5 in the filtered air stream. The X-ray fluorescence spectroscopic analysis of PM 2.5 composition in the exposure chamber revealed higher concentration of a range of metals (55) . The major composition of PM 2.5 included alkali metals (K and Na), alkaline earth metals (Mg and Ca), transition metals (Fe and Zn), and nonmetals (S) ( Table 2) .
To evaluate the intracellular impact of PM 2.5 exposure, we performed transmission electron microscopy analysis of the cell ultrastructure with the lung and liver tissue samples from the mice exposed to PM 2.5 or FA. The lung bronchoalveolar lavage macrophages and liver macrophages (Kupffer cells) of the mice exposed to PM 2.5 displayed an increased number of mitochondria and expansion of ER compartment when compared with those from the mice exposed to FA (Fig. 1, A and B). This suggested increased ER and mitochondria activities in the macrophages stimulated by PM 2.5 exposure. It has been proposed that PM 2.5 may cause oxidative stress due to their features of small diameters and high surface area that have potential ability in ROS generation (46, 49) . To test whether inhaled PM 2.5 causes oxidative stress in vivo, we examined the redox states in the lung and liver tissues of mice exposed to PM 2.5 or FA. DHE, an oxidative fluorescent dye, was used to detect superoxide in segments of frozen liver tissue. The result of DHE staining indicated that superoxide production was markedly increased in the liver of PM 2.5 -exposed mice compared with that in FA-exposed mice (Fig. 1, C and D) . Because lung tissue has to be perfused by fixatives to keep the alveolar space patent for tissue sectioning, we cannot obtain appropriate frozen lung tissue sections for DHE staining. However, we utilized quantitative real-time RT-PCR analysis to determine the redox state in the lung tissue of mice exposed to PM 2.5 or FA. Exposure to PM 2.5 stimulates oxidative stress in the lung tissue, as evidenced by upregulation of the mRNAs encoding antioxidant enzymes, including glutathione peroxidase (Gpx)-1, Heme oxygenase-1 (HO-1), superoxide dismutase (SOD)-1, and SOD2 (Fig. 1E) .
Recent evidence suggested that ER stress is linked to the alteration of redox states (17, 30, 50, 56) . To determine whether PM 2.5 can induce ER stress in vivo, we examined the induction of ER stress markers in various organs and tissues of the animals exposed to PM 2.5 . We first visualized the induction of ER stress marker GRP78/BiP in the tissues of the mice exposed to PM 2.5 or FA by immunohistochemistry staining. BiP is an ER chaperone that is induced by ER stress and has been proposed to function as a master regulator for the activation of ER stress sensors (37) . Immunohistochemistry staining showed that levels of BiP were significantly increased in the lung and liver tissues of the mice exposed to PM 2.5 when compared with those in the mice exposed to FA (Fig. 2, A-D) , suggesting the induction of ER stress in these tissues. In comparison, ER stress marker BiP was only marginally induced in other vulnerable tissues including aorta and spleen of mice exposed to PM 2.5 (data not shown). To confirm the induction of ER stress in the lung and liver tissues by PM 2.5 exposure, we examined the expression of ER stress markers in these tissues by Western blot analysis and quantitative realtime RT-PCR assay. Western blot analyses revealed that the levels of ER chaperones BiP and GRP94 were significantly increased in the lung and liver tissues of mice exposed to PM 2.5 compared with those of FA controls, thus confirming the effect of PM 2.5 on inducing ER stress in these tissues (Fig. 2, E and F) . PM 2.5 activates the UPR pathway mediated through PERK/eIF2␣. Next, we examined the activation of UPR pathways induced by PM 2.5 . Under ER stress, ER stress sensor PERK is activated to phosphorylate translation initiation factor eIF2␣, a key step in attenuation of protein translation (38) . However, ER stressinduced phosphorylation of eIF2␣ can lead to selective translation of specific mRNAs encoding functions in modulating amino acid metabolism, antioxidative stress response, and apoptosis (37, 56) . To evaluate activation of the UPR pathways under PM 2.5 exposure, we first determined the levels of phosphorylated PERK and its substrate, phosphorylated eIF2␣, in the liver or lung tissue of the mice exposed to PM 2.5 . Because PERK is a very low-abundance protein in most cell types and tissues, it is very difficult to detect phosphorylated PERK by regular Western blot analysis (15) . To detect activated PERK in mouse tissue samples, we first concentrated the PERK protein by IP using an anti-total PERK antibody and then performed Western blot analysis using the same antibody. The result indicated that the levels of phosphorylated PERK were increased in the liver tissue of the mice exposed to PM 2.5 compared with that in the mice exposed to FA (Fig. 3A) . Consistently, the ratio of phosphorylated to total eIF2␣ levels was increased in the liver tissue of the mice exposed to PM 2.5 (Fig. 3A) . Moreover, we can detect an increase in ratio of phosphorylation to total eIF2␣ levels in the lung tissue of the mice exposed to PM 2.5 (Fig. 3B) . Furthermore, C/EBP homologous transcription factor CHOP/GADD153 is one of the downstream targets in PERK/eIF2␣-mediated UPR pathway (59) . Under prolonged or severe ER stress, phosphorylated eIF2␣ can selectively Twelve particulate matter (aerodynamic diameter Ͻ 2.5 m) (PM2.5) samples were collected from June to August, 2008 when the animals were exposed to PM2.5 through the Ohio's Air Pollution Exposure System for the Interrogation of Systemic Effects (OASIS-1) system. The samples were subjected to X-ray fluorescence spectroscopy for composition analysis. The values on the left column represent the concentrations of major PM2.5 chemicals (means Ϯ SD, n ϭ 12). -1) , heme oxygenase-1 (HO-1), superoxide dismutase-1 (SOD1), and SOD2 in the lung tissue of the mice exposed to FA or PM2.5. Fold changes of mRNA levels were determined after normalization to internal control ␤-actin RNA levels. For each comparison group, the mRNA level of one FA-exposed mouse was defined as 1 and was used to calculate the fold changes of mRNA levels for the other mice. Each bar denotes the means Ϯ SE (n ϭ 6 mice/group). **P Ͻ 0.01. induce expression of CHOP, which subsequently activates ER stressassociated apoptosis. In correlation with eIF2␣ phosphorylation, the expression levels of CHOP were increased in the liver and lung tissues of the mice under PM 2.5 exposure (Fig. 3, B and C) , suggesting that PM 2.5 exposure activated the UPR pathway through PERK/ eIF2␣, leading to the expression of ER stress-induced pro-apoptotic factor CHOP.
It has been known that three other mammalian kinases, including the double-stranded RNA (dsRNA)-dependent protein kinase (PKR), the heme-regulated eIF2␣ kinase (HRI), and eukaryotic translation initiation factor 2␣ kinase 4 (GCN2), can phosphorylate eIF2␣, leading to translational attenuation (22) . To clarify possible activation of the other eIF2␣ kinases by PM 2.5 , we first examined whether PM 2.5 can induce phosphorylation of PKR in a mouse macrophage cell line RAW264.7. PKR is known to be induced in macrophages and required for pathogen-induced macrophage apoptosis (20) . As a positive control, we treated RAW264.7 cells with lipopolysaccharide (LPS) to induce phosphorylation of PKR (see online Supplemental Fig. 1 at the AJP-Cell website). In contrast to LPS treatment, PM 2.5 failed to induce phosphorylation of PKR in RAW264.7 cells (Supplemental Fig. 1 ). Additionally, we could not detect phosphorylated PKR in the liver tissue of the mice exposed to PM 2.5 for 10 wk. Similarly, we could not detect PM 2.5 -induced phosphorylation of HRI or GCN2 in the mice or in RAW264.7 cells (data not shown).
Induction of CHOP through PERK-mediated UPR contributes to PM 2.5 -induced apoptosis. To further elucidate the effect of PM 2.5 on the activation of PERK-mediated UPR pathway, we expressed wild-type PERK in RAW264.7 cells and then treated the cells with PM 2.5 particles for various time intervals. After the treatments, we examined phosphorylation of PERK in transfected cells by using an anti-phosphorylated PERK antibody. Along with PM 2.5 treatments, levels of phosphorylated PERK were increased in a time-dependent manner (Fig.  3D) . In nontransfected RAW264.7 cells, in vitro PM 2.5 exposure increased expression of the downstream targets of PERKmediated UPR pathway, including activating transcription factor (ATF) 4, CHOP, ATF3, and growth arrest and DNA damage-inducible protein 34 (GADD34) (Fig. 3, E and F) . These results further confirmed that PM 2.5 can induce PERKmediated UPR pathway. Furthermore, to evaluate the require- ment of PERK for PM 2.5 -induced phosphorylation of eIF2␣ and induction of CHOP, we suppressed the eIF2␣ kinase activity of PERK in RAW264.7 cells by expressing a dominant negative form of PERK, PERK K618A (16). The RAW264.7 cells expressing wild-type PERK or PERK kinase dominant negative were treated with PM 2.5 for 6 h. Western blot analysis showed that levels of phosphorylated PERK, phosphorylated eIF2␣, and CHOP in the PERK kinase activitysuppressed cells were significantly lower than that in the control cells expressing wild-type PERK after PM 2.5 treatments (Fig. 3G) . This result confirmed the critical role of PERK in PM 2.5 -induced eIF2␣ phosphorylation and CHOP induction.
Next, to determine PM 2.5 -associated cytotoxicity, we stained DNA fragmentation, a hall marker of apoptosis, to reveal apoptotic cells in the lung tissues of mice exposed to FA or PM 2.5 . DNA fragmentation activities were significantly increased in the lung tissues of mice exposed to PM 2.5 (Fig. 4A) . The percentage of apoptotic cells in the lung tissues of the mice exposed to PM 2.5 was approximately sevenfold higher than that in the mice exposed to FA (Fig. 4B) . Furthermore, to determine whether ER stress-induced pro-apoptotic factor CHOP is critical for PM 2.5 -induced apoptosis, we exposed CHOP knockout and wild-type control mice to ambient PM 2.5 through intranasal inhalation of PM 2.5 particles (1.6 g/g body wt) collected during the time of animal exposure. After the PM 2.5 challenge, levels of cleaved caspase-3, the executioner of apoptosis, were significantly increased in the wild-type control mice (Fig. 4C) . In contrast, levels of cleaved caspase-3 were only marginally changed in the CHOP knockout mice after PM 2.5 Fig. 3 . PM2.5 exposure activates the unfolded protein response (UPR) pathway through protein kinase-like ER kinase (PERK)/eIF2␣ and C/EBP homologous protein (CHOP) in vivo and in vitro. A: immunoprecipitation (IP)-Western blot and Western blot analyses for PERK and phosphorylated and total eIF2␣ proteins in the livers of the mice exposed to FA or PM2.5. Denatured liver protein lysates (80 g per sample) are separated on a 10% Tris-glycine polyacrylamide gel. For PERK IP-Western blot analysis, an anti-total PERK antibody was used. The values below the gels represent the ratios of phosphorylated eIF2␣ to total eIF2␣ protein signals. B: Western blot analyses for phosphorylated and total eIF2␣ and CHOP proteins in the lung tissue of the mice exposed to FA or PM2.5. Denatured lung protein lysates (150 g per sample) are separated on a 10% Tris-glycine polyacrylamide gel. Levels of ␣-tubulin protein were determined as internal controls. The values below the gels represent the ratios of phosphorylated to total eIF2␣ and normalized CHOP protein signal intensities. C: Western blot analysis for expression of CHOP protein in the livers of the mice exposed to FA or PM2.5. Denatured liver protein lysates (80 g per sample) are separated on a 10% Tris-glycine polyacrylamide gel. Levels of ␣-tubulin protein were determined as internal controls. D: Western blot analysis for phosphorylated PERK in RAW264.7 cells transfected with the vector expressing wild-type PERK. The cells were incubated with PM2.5 (50 g/ml) for various time intervals. An antiphosphorylated PERK antibody was used for the Western blot analysis. E and F: Western blot analyses for levels of ATF4, CHOP, ATF3, and GADD34 in RAW264.7 cells incubated with PM2.5 (50 g/ml) for various time intervals. G: Western blot analysis for levels of phosphorylated PERK, phosphorylated eIF2␣, and CHOP in the RAW264.7 cells expressing wildtype PERK or PERK kinase dominant negative. RAW264.7 cells were transduced with the vector expressing wild-type PERK (PERK-WT) or PERK kinase dominant negative K618A (PERK KD), and then challenged with PM2.5 (50 g/ml) or vehicle PBS buffer for 6 h. Levels of phosphorylated PERK were determined by using an anti-phosphorylated PERK antibody. For A-G, the experiments were repeated at least three times, and the representative data are shown. The values below the gels represent the normalized protein signal intensities. challenge, suggesting that CHOP, the target of PERKmediated UPR pathway, plays a key role in PM 2.5 -induced apoptosis.
PM 2.5 -induced eIF2␣ phosphorylation and CHOP induction relies on the production of ROS. To further elucidate the role and mechanism of PM 2.5 in the activation of ER stress response, we incubated RAW264.7 cells with culture media containing PM 2.5 particles at different concentrations ranging from 50 to 400 g/ml. It should be clarified that the effect of in vitro PM 2.5 exposure, even at "low" levels, is not comparable to the in vivo effect of PM 2.5 exposure through "realworld" PM delivery system. Here, we used the in vitro PM 2.5 exposure system to elucidate the cytotoxic effect and biochemical mechanism of PM 2.5 in ER stress response. Our result indicated that incubation with 50 g/ml PM 2.5 for 6 h was sufficient to induce the initial phase of ER stress response, as evidenced by the increased expression of the ER chaperone BiP (Fig. 5A) . The late phase of ER stress response, represented by the expression of ER stress-induced apoptotic factor CHOP, was gradually induced along with the increase of PM 2.5 concentrations and reached a peak level when the cells were treated with 300 g/ml of PM 2.5 (Fig. 5A) . Recent evidence suggested that ER stress and oxidative stress are ultimately linked and that ROS may function as a messenger for oxidative stress-induced ER stress (17, 30, 50, 56) . To explore the mechanism by which PM 2.5 exposure induces ER stress response, we tested the hypothesis that ROS serves as the messengers to mediate PM 2.5 -induced ER stress response. To test whether ROS is required for PM 2.5 -induced UPR signaling, we utilized the adenoviral system to express Mn-SOD or dominant negative NADPH oxidase to suppress ROS production in RAW264.6 cells that were exposed to PM 2.5 . Mitochondria-localized Mn-SOD plays an important role in protecting against oxidative stress (9, 27) . It has been demonstrated that disruption of cytosolic and mitochondrial ROS production can be achieved by overexpression of Mn-SOD (25) (26) (27) . Alternatively, NADPH oxidase is the main enzymatic source for ROS production. Overexpression of dominant negative N17Rac1, the small GTPase component of NADPH oxidase, has been shown to inhibit NADPH oxidase activity, resulting in a lack of ROS generation (27, 39) . RAW264.7 cells overexpressing Mn-SOD or dominant negative N17Rac1 were exposed to PM 2.5 to test the requirement of ROS in PM 2.5 -induced ER stress response. PM 2.5 exposure increased levels of phosphorylated eIF2␣, CHOP, and GADD34 in the control RAW264.7 cells transduced with adenovirus expressing ␤-galactosidase (Fig. 5, B and C) . In comparison, the levels of phosphorylated eIF2␣, CHOP, and GADD34 in the RAW264.7 cells expressing Mn-SOD or dominant negative N17Rac1 were much less than that in the control cells after PM 2.5 treatment (Fig. 5, B and C) . These results indicated that ROS, produced through mitochondrial electron transport and/or NADPH oxidase pathways, is critical for the activation of PM 2.5 -induced UPR pathway through phosphorylated eIF2␣ and CHOP. Fig. 4 . PM2.5 exposure causes ER stress-induced apoptosis in the lung and liver tissues of mice exposed to PM2.5 or FA. A: DNA fragmentation assay with the lung tissue sections from the mice exposed to PM2.5 or FA. The mice exposed to PM2.5 or FA were euthanized on the final day of exposure, and the lung tissues were fixed for preparing paraffin-embedded sections. The tissue sections were stained for DNA fragmentation using a fluorescent TUNEL staining kit. Fragmented DNAs were stained for green fluorescence, and the cell cytoplasm was stained for red fluorescence. Magnification: ϫ200. B: quantification of DNA fragmentation in the lung tissues of mice exposed to PM2.5 or FA. The percentages of apoptotic cells were quantified by counting the cells exhibiting positive DNA fragmentation staining in 8 random fields per sample. Data are shown as means Ϯ SE for 6 animals per group. **P Ͻ 0.01. P values are shown for statistically significant differences. C: Western blot analysis for caspase-3 in the lung tissues of CHOP knockout or control mice after intranasal inhalation of PM2.5 or vehicle PBS. CHOP knockout (KO) or wild-type (WT) control mice took up ambient PM2.5 in 25 l PBS (1.6 g/g body wt) or 25 l sterile PBS through intranasal inhalation twice for 5 days. Western blot analysis was performed with the mouse lung tissues to detect both the precursor and cleaved caspase-3 proteins. The values below the gels represent the normalized cleaved caspase-3 protein signal intensities. PM 2.5 exposure activates ER stress sensor IRE1␣ but suppresses its activity in splicing the Xbp1 mRNA. In addition to the PERK/eIF2␣-mediated UPR pathway, we also examined whether PM 2.5 exposure can induce the other UPR pathways mediated through ER stress sensors IRE1␣ and ATF6, respectively. IRE1␣ is the most conserved ER stress sensor that transduces the UPR signaling through activating the transcription factor XBP1 (37, 56) . In response to ER stress, IRE1␣ endoribonuclease can specifically splice a 26-bp small intron from the Xbp1 mRNA, resulting in the synthesis of a potent UPR trans-activator (37, 38) . IP-Western blot analysis showed increased levels of phosphorylated IRE1␣ in the liver tissues of mice exposed to PM 2.5 when compared with that exposed to FA, suggesting that PM 2.5 exposure can induce activation of IRE1␣ (Fig. 6A) . Furthermore, we examined Xbp1 mRNA splicing, a reliable marker for detecting IRE1␣ RNase activity, in the liver tissues. Because the liver is an organ that plays major roles in metabolism and detoxification, "constitutive" or physiological activation of IRE1␣/XBP1-mediated UPR in the normal liver has been proposed (1, 24, 56) . Indeed, through quantitative real-time RT-PCR analysis, we were able to detect basal induction of spliced Xbp1 mRNA in mouse livers under FA (Fig. 6B) . Surprisingly, despite the activation of IRE1␣, the levels of spliced Xbp1 mRNA were modestly reduced in the liver tissue of the mice exposed to PM 2.5 (Fig. 6B) . We also examined expression of spliced XBP1 protein in the liver tissue of mice exposed to PM 2.5 or FA. Western blot analysis showed that spliced XBP1 protein levels in the liver of mice exposed to PM 2.5 were slightly decreased compared with that in the mice exposed to FA (Fig. 6C) . Consistent with these observations, expression of the XBP1-dependent UPR target genes, including ERdj4, enhancing ␣-mannosidase-like protein 1 (Edem1), and protein kinase inhibitor of 58 kDa (P58 ipk), was not increased upon PM 2.5 exposure (Fig. 6B) . In comparison, expression of the UPR target genes under the PERK/eIF2␣ pathway, including Atf4 and CHOP, was increased in the livers of the mice exposed to PM 2.5 compared with that in the mice exposed to FA (Fig. 6B) .
In addition to splicing the Xbp1 mRNA, IRE1␣ is known to activate JNK-mediated pathway (51) and the RIDD (18, 19) under ER stress conditions. In the liver tissue of mice exposed to PM 2.5 , levels of phosphorylated JNK were significantly increased compared with that in the mice exposed to FA (Supplemental Fig. 2) . Furthermore, quantitative real-time RT-PCR analysis demonstrated that levels of the RIDD targets, including the Pmp22, Col6, HgNat, Blos1, Scara3, and PdgfR mRNAs (18) , were all decreased in the livers of mice exposed to PM 2.5 compared with that in the mice exposed to FA (Fig.  6D) , indicating the activation of RIDD pathway upon PM 2.5 exposure. Together, our results suggested that PM 2.5 exposure can activate IRE1␣-mediated pathways, including the JNK pathway and RIDD, although it reduces the activity of IRE1␣ in splicing the Xbp1 mRNA. To determine whether PM 2.5 exposure can activate ATF6-mediated UPR pathway, we examined expression of ATF6-specific UPR target genes, including Bip, Grp94, and Pdi-P5 (23, 53) , in the liver tissues of mice exposed to PM 2.5 or FA. The levels of the Bip, GRP94, and Pdi-P5 mRNAs were increased in the livers of the mice exposed to PM 2.5 compared with that in the mice exposed to FA (Fig. 6B) , implicating the activation of ATF6-mediated UPR pathway upon PM 2.5 exposure. Because of the difficulty in detecting activation/cleavage of endogenous ATF6 by using A: Western blot analysis of BiP and CHOP expression levels in RAW264.7 cells in response to in vitro exposure to PM2.5 particles at different concentrations ranging from 50 to 400 g/ml for 6 h. Levels of ␣-tubulin protein were determined as internal controls. B and C: Western blot analyses for phosphorylated and total eIF2␣, CHOP, and GADD34 in RAW264.7 cells under in vitro exposure to PM2.5 or PBS. RAW264.7 cells were infected by adenovirus expressing Mn-SOD1, dominant-negative N17Rac1, or the control vector for 36 h, followed by the incubation with PM2.5 (300 g/ml) or PBS for 6 h. For A-C, the experiments were repeated at least three times, and the representative data are shown. The values below the gels represent the normalized protein signal intensities.
currently available antibodies, we transduced RAW264.7 cells to express a HA-tagged full-length ATF6 protein for detecting PM 2.5 -induced ATF6 activation/cleavage. In response to PM 2.5 , levels of cleaved ATF6 in the RAW264.7 cells expressing fulllength ATF6 were increased (Fig. 6E) , thus confirming the activation of ATF6 upon PM 2.5 exposure.
To further assess the effect of PM 2.5 exposure on Xbp1 mRNA splicing, RAW264.7 cells were exposed to PM 2.5 particles for up to 6 h. The levels of spliced and nonspliced forms of Xbp1 mRNAs were determined by semiquantitative RT-PCR. Incubation of the cells with PM 2.5 failed to induce splicing of the Xbp1 mRNA (Fig. 7A) . Moreover, we exposed the cells to PM 2.5 particles for 30 min before the cells were treated with tunicamycin (TM), a reagent that can strongly induce ER stress by disrupting N-linked protein glycosylation. Under the PM 2.5 exposure, the cells expressed reduced levels of spliced Xbp1 mRNA in response to TM treatment (Fig. 7A) . To verify the specificity of PM 2.5 exposure in inhibiting Xbp1 mRNA splicing, we examined the phosphorylation of eIF2␣ in response to PM 2.5 exposure and/or TM treatment. The levels of phosphorylated eIF2␣ were increased in RAW264.7 cells upon the exposure to either PM 2.5 alone or PM 2.5 plus TM (Supplemental Fig. 3 ), suggesting that PM 2.5 suppressed Xbp1 mRNA splicing while it induced eIF2␣ phosphorylation. In addition to macrophages, we also tested the effect of PM 2.5 exposure on the suppression of Xbp1 mRNA splicing in cultured mouse hepatocyte cell line H2.35. Under PM 2.5 exposure, the splicing of the Xbp1 mRNA was not detectable (Fig. 7B) . In contrast, the spliced Xbp1 mRNA was readily detected in response to TM treatment. Furthermore, we examined TM-induced Xbp1 mRNA splicing in the cells that were pretreated with PM 2.5 particles. Supporting the suppressive effect of PM 2.5 on the Xbp1 mRNA splicing, mouse hepatocytes that were exposed to PM 2.5 expressed diminished levels of spliced Xbp1 mRNA under the treatment of TM (Fig. 7B) . Taken together, PM 2.5 exposure appears to suppress the activity of IRE1␣ in splicing the Xbp1 mRNA. Since functional XBP1 plays essential roles in normal differentiation and function of specialized cell types and in remodeling cells to adapt to cellular stress (37, 56), The values below the gels represent the ratios of phosphorylated IRE1␣ to total IRE1␣. B: quantitative real-time RT-PCR analysis for expression levels of the spliced Xbp1 (xbp1s), ERdj4, Edem1, p58(ipk), Bip, Grp94, Pdi-P5, CHOP, and Atf4 mRNAs in the livers of mice exposed to FA or PM2.5. Fold changes of mRNA levels were determined after normalization to internal control ␤-actin mRNA levels. For each comparison group, the mRNA level of one FA-exposed mouse was defined as 1 and was used to calculate the fold changes of mRNA levels for the other mice. Each bar denotes the mean Ϯ SE (n ϭ 6 mice/group). *P Ͻ 0.05. P values are shown for statistically significant differences. C: Western blot analysis of spliced XBP1 protein in the livers of mice exposed to FA or PM2.5. D: quantitative real-time RT-PCR analysis for expression levels of the Pmp22, Col6, HgNat, Blos1, Scara3, and PdgfR mRNAs in the livers of mice exposed to FA or PM2.5. Fold changes of mRNA levels were determined after normalization to internal control ␤-actin mRNA levels. For each comparison group, the mRNA level of one FA-exposed mouse was defined as 1 and was used to calculate the fold changes of mRNA levels for the other mice. Each bar denotes the mean Ϯ SE (n ϭ 6 mice/group). *P Ͻ 0.05. E: Western blot analysis for ATF6 cleavage in RAW264.7 cells expressing full-length ATF6 after PM2.5 challenge. RAW264.7 cells were transfected with the vector expressing HA-tagged full-length ATF6. The transfected cells were treated with PM2.5 (50 g/ml) for various time intervals. ATF6 P90 represents the full-length ATF6, and ATF6 P50 represents the cleaved form of ATF6. The experiment was repeated three times, and the representative data are shown. PM 2.5 may be involved in disease pathogenesis through inhibiting Xbp1 mRNA splicing. The mechanism by which PM 2.5 suppresses splicing of Xbp1 mRNA is an intriguing phenomenon to be elucidated.
DISCUSSION
In this study, we characterized intracellular stress signaling induced by ambient PM 2.5 exposure in vivo and in vitro (Fig.  7C) . It has been demonstrated that inhaled air pollution particles in the fine or ultrafine range, such as PM 2.5 , can transgress into the systemic circulation and are linked strongly with the pathogenesis of metabolic and cardiovascular disease (7, 32, 34, 46, 47) . Additionally, liver is the major organ responsible for the detoxification of chemical compounds and lipid metabolism. Accordingly, we propose that the lung and liver are two primary organs that airborne PM 2.5 targets and where PM 2.5 elicits its cytotoxic effects. Our study here implicated that subchronic exposure to ambient PM 2.5 induces ER stress and selective activation of the UPR signaling pathways, triggering ER stress-induced apoptosis through the PERK-eIF2␣-CHOP UPR branch in the lung and liver tissues. The UPR signaling induced by PM 2.5 exposure relies on reactive oxygen intermediates. These results provide novel insights into the molecular and cellular basis by which PM 2.5 exposure alters cell physiology and elicits its cytotoxic effects.
Our study demonstrated that the physiological UPR induced by PM 2.5 exposure is distinct from those that are induced by pharmacological induction. Under the treatments of ER stresseliciting chemicals, such as TM, thapsigargin, and dithiothreitol, all the UPR pathways are activated (38) . However, PM 2.5 exposure differentially activates the UPR pathways. While activation of PERK-mediated phosphorylation of eIF2␣ and induction of CHOP is a predominant feature of PM 2.5 -triggered UPR signaling (Fig. 3) , PM 2.5 exposure negatively affects the activity of IRE1␣ in splicing the Xbp1 mRNA, resulting in a slight decrease in the level of spliced XBP1 protein in the liver tissue of the mice exposed to PM 2.5 (Fig. 6, B and C) . The differential regulation of the UPR pathways by PM 2.5 was reflected by expression profiles of the UPR target genes. Expression of PERK-mediated UPR targets, including phosphorylated eIF2␣, ATF4, ATF3, CHOP, and GADD34, was increased in response to PM 2.5 exposure. In comparison, ex- Fig. 7 . PM2.5 exposure suppresses the activity of IRE1␣ in splicing the Xbp1 mRNA. A: detection of unspliced and spliced forms of Xbp1 mRNAs in macrophage cell line RAW264.7 exposed to PM2.5 and/or TM by semiquantitative RT-PCR analysis. RAW264.7 cells were exposed to PM2.5 (300 g/ml) for 30 min and then treated with tunicamycin (TM, 2 g/ml) for the time course as indicated. RAW264.7 cells treated with vehicle PBS buffer or with TM for 6 h were included as controls. The size of amplified unspliced Xbp1 mRNA is 170 bp, and the size of amplified spliced Xbp1 mRNA is 144 bp. Levels of ␤-actin mRNA were determined as internal controls. B: detection of unspliced and spliced forms of Xbp1 mRNAs in mouse hepatocyte cell line H2.35 exposed to PM2.5, TM, or PM2.5 plus TM by semiquantitative RT-PCR analysis. H2.35 cells were exposed to PM2.5 (300 g/ml) or TM (2 g/ml) for 2 to 6 h. Additionally, H2.35 cells were exposed to PM2.5 (300 g/ml) for 30 min and then treated with TM (2 g/ml) for 2 to 6 h. The cells treated with vehicle PBS buffer were included as the control. Levels of ␤-actin mRNA were determined as internal controls. For A and B, the experiments were performed at least in triplicate, and the representative data are shown. C: a schematic diagram depicting ER stress response induced by PM2.5 in mouse lung and liver tissues.
pression of IRE1␣/XBP1-mediated UPR target genes, including ERdj4, Edem1, and P58 (ipk), was not upregulated by PM 2.5 exposure (Fig. 6B) . The suppression effect of PM 2.5 on IRE1␣-mediated splicing of the Xbp1 mRNA was further confirmed by the observation that PM 2.5 treatment significantly reduced TM-induced Xbp1 mRNA splicing (Fig. 7, A and B) . However, IRE1␣ was activated upon PM 2.5 exposure, as evidenced by increased levels of phosphorylated IRE1␣ protein in the liver tissue of PM 2.5 -exposed mice (Fig. 6A) . The other IRE1␣-mediated pathways, including JNK pathway and RIDD, were also activated in the liver of mice exposed to PM 2.5 ( Fig.  6D and Supplemental Fig. 2) . It is possible that IRE1␣ is activated, but its RNase activity in splicing the Xbp1 mRNA was specifically suppressed by one or multiple PM 2.5 components. Interestingly, a recent paper has reported that the components from cigarette smoke can cause similar effect on inhibiting Xbp1 mRNA splicing (21) . Because spliced Xbp1 mRNA encodes a functional UPR trans-activator that plays important protective roles in response to ER stress, the impairment of the UPR pathway through the Xbp1 mRNA splicing may have considerable detrimental effects on the pathogenesis of the diseases induced by PM 2.5 exposure. Indeed, our study implicated PM 2.5 caused cytotoxicity, as evidenced by increased caspase-3 cleavage and DNA fragmentation in the mice exposed to PM 2.5 (Fig. 4) . It is known that the UPR can provide the stressed cells with survival or death signals depending on the type and duration of ER stress (58) . It is likely that PM 2.5 -induced UPR leads to ER stress-associated apoptosis by promoting the PERK-eIF2␣-CHOP UPR branch while suppressing the IRE1␣-XBP1 UPR branch. PM 2.5 exposure can also activate ER stress sensor ATF6, as evidenced by the upregulation of ATF6-dependent UPR target genes in the mouse liver exposed to PM 2.5 ( Fig. 6B ) and increased ATF6 cleavage in PM 2.5 -treated RAW264.7 cells (Fig. 6E ). This may explain why expansion of ER compartment can be observed in Kupffer cells of the mice exposed to PM 2.5 where splicing of the Xbp1 mRNA was suppressed (Fig. 1B) . It has been documented that enforced expression of spliced XBP1 can lead to a proliferation of ER membrane by increasing the synthesis of phosphatidylcholine (44) . However, recent evidence suggested that XBP1 and ATF6 play redundant roles in stress-induced ER expansion. ATF6 can induce XBP1-independent ER expansion by increasing phosphatidylcholine synthesis (5). Therefore, PM 2.5 -triggered activation of ATF6, but not XBP1, may contribute to ER expansion observed in the mouse liver tissue exposed to PM 2.5 .
Our study also suggested that the PM 2.5 -triggered stress signaling pathway, represented by eIF2␣ phosphorylation and CHOP induction, depends on the production of ROS (Fig. 5) . It has been hypothesized that increased production of intracellular ROS can target on ER calcium channels and chaperones, leading to Ca 2ϩ release to the cytosol. Ca 2ϩ release from the ER causes ER stress and UPR activation. On the other hand, increased cytosolic Ca 2ϩ stimulates mitochondrial metabolism and subsequent production of more ROS, which can further amplify the UPR (56) . Based on our study, the activation of the UPR signaling by PM 2.5 exposure represents a pathophysiological system supporting this hypothesis. Given detrimental effects of the prolonged UPR, our results suggest that there might be some potential in using nontoxic antioxidants to alleviate the toxic effects from air particulate pollution.
The PM exposure system "OASIS-1" used in this study is a versatile aerosol concentration enrichment system that can concentrate ambient fine and ultrafine PM particles at nominal 10-folds (11, 41) . After taking into account the nonexposed time, the equivalent PM 2.5 concentration to which the mice were exposed over the 10-wk exposure period was 11.6 g/m 3 . The average PM 2.5 concentration over the subchronic exposure period is within the annual average PM 2.5 National Ambient Air Quality Standard (NAAQS) of 15.0 g/m 3 (13) . It has been demonstrated that the PM 2.5 size and composition distribution does not change before (ambient) and after the concentration (11, 29, 45) . Therefore, the composition and size of PM 2.5 particles collected in the exposure chamber air may reflect that of nonconcentrated PM 2.5 present in the ambient air. Indeed, the "OASIS-1" system is one of several limited prototype systems in the United States that allow us to perform the studies on animal models that recapitulate true personal, longterm exposure to environmentally relevant PM 2.5 (11, 29, 47) . The State of Ohio, where the animals were exposed, is one of the "perfect" states to study the effects of PM 2.5 on human health, since "Ohio has serious and widespread air pollution problem, and had failed to meet the national ozone and particulate matter annual standards" (4) . Therefore, our approach represents a direction to elucidating physiological cell stress signaling that is relevant to a real public health problem. Although much remains to be done, the information provided by our study is not only important to understand the molecular basis of air pollution-associated pathogenesis but will also be informative to the prevention and potentially treatment of air pollution-associated diseases.
